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2). almosc-r2al time corrections for background luminosity,

squar=d range, laser output, and input sensitivity could

be made. Xlevt's inversion method was mainly uased for the

avaluation Cf the profiles. Conventional meteorological

data were obtained in parallel, including aerosol charac-

“erizatisn with XKnollenberg counters.

The report included graphic presentations of a number of

data sets. . ‘ 4
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1 Introcuctian

The objective of the research 1is the application of the
lidar technique to measure vertical profiles of the
extinction coefficient under various types of low visibility
conditions such as highly concentrated dry aerosol, wet
haze, fog, and clauds. Klett's evaluation method /1/ for
lidar backscatter profiles should be applied and the
reliability of the results examined. For this purpose the
lidaf-measurements are supported by other data like aerosol
particle size spectra, radiosonde ascents, transmissometer

!
measurements, and others.

2 Description of the lidar system

A mobile lidar system 1is wused containing a ruby and a
neodymium-glass laser, both used with and without freguency
doubling, allowing alternating measurements in the
wavelengths 347, 530, 694 and 1060nm. The output energy is
about 1 Joule in the fundamental and 20mJ in the first
narmonics, the shot frequency 3 per minute. The receiving
telescaope is a 30cm Cassegrainlian with 2.3m focal length. A
large-area pin-dicde with two-stage amplifier 1is wused for
the detectiaon of the 694 and 1060nm signals and a bialkali

chotamultiplier tube (EMI 9813) for 347 and 530nm. Complete
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~wam overlap is achieved after 100m range in 694 and 1060nm
anc after 30Um in the two other wavelengths, the difference
reing due ta the detector geometries. The receiver FOV 1is
yariable by an iris stop. However, it is normally set to
Fixed values of 4 mrad for the photomultiplier and 10 mrad
sgr the diode detector, in order to get a non-cverlap range
as short as possible. The reduced FOV for the photomulti-
plier tube is wused for background reduction. Interference
fFilters with 3nm spectral bandwith (FWHM) for 347 and 530nm,
mountéé in a filter wheel, serve the same purpose. Since
background luminesity is no problem with the diode detector,

’
this is used without interference filters. However, neutral

-1

ilters with 50 and 25% transmissivity are available to

S ]

ecuce strong backscatter signals from clouds and fog |{if
nscessary. Moreover, the amplifier gain may be reduced by a

factor of 10.

The received signasls are recorded by a 8iomation 8100
transient digitizer with 8 bit amplitude resolution, 10ns
ninimum sample interval and 2k Bbytes memory capacity.
Immediately after each measurement the data are transferred
tc an on-line miniccmputer with 32k core memory. This

computer allcus the z2lmnst real-time display of backscatter
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A are corrected faor background luminosity,
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g3 range, .3ser output oower and input sensitivity, on
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a c¢isglay tuebe and an x-y  chart recorder. Furthermore,

autamatic programming of the transient digitizer and change
of the cdetectors 1is done by the computer. For final
gevaluation on a larger computer the signals are stored,

tagether with all housekeeping data, on floppy discs.

3 Further relevant equipment available

3.1 B8roadhand transmissometer system

Between the 1institute and a neighboring mountain peak
(Hreuzeck: 1650m =above MSL) a slant transmission path with
19 deg. inclination angle and 2.7km 1length 1is operated.
Alang this path +the atmospheric transmissivity 1in the

visible range (.35-.9pum) and in the 3-5 (since summer 1983)

and 8-12um IR ranges is measured.

3.2 Rerosol spectrometers and visibility recorders

Optical particle counters (Knollenberg classical scattering
aerosol spectraometers) are used at the institute and at the
sgurce end of the transmission path (Kreuzeck) for
continuous recording of the aerosol size distributiaon. The
visibility is measured at the same sites by AEG-Ruppersberg

integrating nenhelaometers.
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Sraofiles of temperature, humidity and wipd speed and
sirection are recorded by ballpon-borne radiosondes, the

“irst two parameters also by cable car sondes.

L Listing of the lidar data

In tahle 4.1 all the lidar data assessed under low
sisibilicy conditions are listed. The first three ceolums
cantain the cate, time and number of profiles per day (n),
respectivaly, the latter without regard of the wavelength
used. Column 4 (tr) indicates whether transmissometer data
zre available (yes/no), and column 5 lists the visibility
range (v) at ground level during the measuring period,
rzcorded by the integrating nephelometer. The last column,
“irally. gives a short description of the «current weather
situation or atmosoheric conditions. Measurements during
extremely high visibility with predominant Rayleigh
nackscatier, which can serve fogr the calibration of the

iidar (5 days total), are not included in the table.

A1l measurements except the last three were perfaormed at the
instituce, locatad near Garmisch-Partenkirchen in an alpine

valley i~ spouthern Bavaria. For the last three measurement

1
1
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—pries 2 site in a ¢Ylat fen area, about 20km to the north
and autside the mguntains, was selected, where the
probability for the occurrence of ground-based fog and

lcw-altitude stratus is higher than at the institute.
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mitg wnd 1) an extinction coefficient profile

thig Tidar return, e.g. by Klett's methaod uwith

vl couordary value as described formerly in this

Je used backscatter profiles from an extremely

Tlear otmogznhners,  uwhere dominating molecular backscatter
Taulz oo Sosumes, far the derivation of lidar calibration
factor i~iz avocedure is  sumewhat uncertain in the
s2zvelengtn “Codrm, where Rayleigh scattering is smallest and
“he orecsz2nce of  a2rosol  scattering can be excluded with
-2ast =zocurity. Hdwever, it avogids the error SgQurces
k =33czirtes with  Tpe calculation of backscatter coefficients
“rom 2-u=2fircsrtzl sorgosol data 2y  the Mie thegry. Using
thege «o-=lizration factars, we derived C constants from lidar
zrofil wnhizh  were obtained on March 15 and 19, 1984 and
cvaluo2o 5y Alett's method as  described above. For the
«3ve_o~gens 30 454 and 1060nm we obtained for March 15 the
Soratiss JUIC, L972 and L0135, respectively, from 8 profiles
#acn .i<n standtrd deviations amounting to about .006. For
“a2rco 70, we aotained (023, .020 ang L0112, respectively,
“ram - oosfiles per wavelength and standard deviations
aroun L LCALL Tha 2ata frem the two days differ up ta 20%.
The =ergscl 3% Yoe twe days was dry and well mixed by eddy
LEE gy % linar ornfiles from atmospheres containing
f T 3 Tz o2re treated in tne same manner, O ratips with
e T3eT =t . “tering are ghtoined, We evaluated a feuw
4 . .
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Coongmage e s s stmosphere with o moderaste optical  thickness.
"me provise was combined from two profiles taken with

gre t rpczoiver sensgitivites in order to improve the

gn-ranges-normnalized profile would have dropped below the 8
ait resclution limit of the transient digitizer. Fig. 6
iregents 2 2igma ororile calculated by Klett's method, again
witn an experimental extinctien coefficient as boundary
value. Frcm  tnis gapraofile the =2mplitude at the lowest
s%ilizenle ramj2 was now used as  boundary value for the
“zrwarc {nverzicn method, and the profile Fig. 7  was
~zrzimed, ‘Thae curve 1s gbviously nearly identical ta the
siett zooiil= rfig. &, thus demonstrating that the standard
rathoo, =(Q. (4), may cdeliver correct results if the optical
~7iz<regss af the range interval is small or meoderate and if

% ynamic range. Jtherwise the amplitude of the original,

+ Tezlistic bDoumcary value is available.

|93
3

zlready menticned abaove, the derivation aof the boundary
v3alue from a calibrated lidar return itself reguires the
«nowledge of the R-6 raztioc or the caonstant C in (1). This
ratio depends on the size distribution, refractive index, ! - ,_;
and shape aof the scattering particles and 1is thus not
canstart. Mulders /&/, fer instance, reports on strong
variaticns of this rstic even within one day. It 1is ]

czssible to deteormine the canstanmt C from a) a lidar return
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wind  wiizn commonly  occurs in mountain valleys.
tate ftoerngon the layer increased in concentration re
Some cmageneaus, but  did not Fill the transmission
completely., Fig. L shows spatially averaged
irc*iar zcefficjiants derived from the lidar profiles in
fFoLr wasolengths versus time, and the transmissometer
2xtincticn coefficients. All curves show the
ascencing tandensy which is expected from the development of
“he aerasc. layer, especially toward the end of the ”’,%’,;
neasuring opericd. The transmissameter values are expected
ta agree =25t with the 530mm lidar extinction data, but we

’

see that the former ones are distinctly smaller. We then
derivec the extinction coefficients from the integrating
nenohsliometer data, 1i.e. data delivered by the visibility
me*ter, and calculated again sigma profiles by Klett's method
“ram the 520 nm lidar profiles. These data agree better
with e <transmissometer derived extinction data than those
where the Kncllenberq spectrometer was used. Obviously the

direct measurement 41y the nephelometer gives better results

than f£ne irgirect method used in the particle spectraometer.

i-al z«amples in this section we present a comparison

T
]
or
t
3+
0
)

u}

sizma crofiles obtainmed by the backward (Klett) and

“srgac inversion  methcd, eg. (4). Both methods were |

azz.127 * 2 zZazkscatter profile, shown in Fig. 5, from an

_ . ST Y Y, Y T Ot TN
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valid for the aernsol models introduced by Shettle and Fenn
+10/. from the yisibility meter data the same coefficients

can be recalculated by Koschmieder's formula, however anly

ron-maonochramatic for the visible range.

“ig. " shows a range-adjusted backscatter profile 1in the
wavelength 530nm, which is <close to the center of the
visible transmission window. No clouds or fog were present
in the 1lidar path, the ground level visual range was 13km.
From the CSAS data at the path end .173/km was derived as
attenuation coefficient. With this figure as boundary value
Klett's mefhod results in a € (r) profile shown in Fig. 2.
The smooth curve poresents the integration over & nr the
optical depth which is .42 at the path end. The optical
depth derived from the visible transmission, dﬂ , is also
incluced in the figure. The latter value (.4L4) is slightly
larger than the first one, but the agreement 1is still

acceptatle.

Fig. 3 shows a series of sigma profiles, in this case 1in
7060nm wavelength, from a more inhomogeneogus, but still
cloud-free atmosphere, again derived by Klett's method. The
anscissa is now the extinction coefficient and the ordinate
the altitude above ground level. The prafiles show the

influx of a3 ground based aerosol layer, 1initiated by the

D A - . < N - . e "
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for B ollows then a boundary value

L
k,

4,

6, (r): .0 () : (10)

AL
Lk‘
far the interval (D,rc). It should be noted that the
requirement of the ratio of the C values in (7) 1introduces
an additiornal source of uncertainty into the evaluation, and
it is thus not sure that the two-step integration results in
a real improvement compared to the assumption of constant
«'s dnd C's. In section 6 a lidar profile will be evaluated

by both methods and +the resulting & near ground level

~ampared f4ith nephelometer data.

N

Examplies for svaluated lidar profiles

-

5.1 Low optical depth

In the nprevious section we menticned that we have the
possibility to calculate extinction coefficients to be used
as Klett noundary values from aerosol data at s remote
point, namely, at the far end oaof the transmission path.
From aeroscl particle size spectra measured by a Knollenberg
classical gcattering aerosol spectrometer (CSAS) we
calculate wavelength-dependent extinction coefficients using

Jan c¢e Hulst's approximation /9/ and refractive indices
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" ~meti .. Litcin o “ww hours. However., he also observed
[

) ccmplens 'y Sntitteredt 3-¢ diagrams.

(1) is certainly not valid 1in cases where different types of

scatterers are present either simultaneogusly (far 1instance
if particulate and molecular scattering 1is comparable in
magnitude) or spatially separated (e.g., clouds and dry
aerosol underneath). In such cases erroneous extinction
data may be obtained if the analytical solutionm (4) or (&)

is still used /7/. Fernald et al. /8/ applied Klett's

» ba;kuard inversion technique to a numerical algarithm to
solve the ’“lidar egquation for atmaspheric canditions where

' molecular backscatter cannot be neglected against

' particulate backscatter. On the other hand, if backscatter

profiles from two sufficiently separated scattering media
(e.g., dust and clouds) are to be evaluated (for example,

ary aerosol from r=0 to r, and fag from r

e to r.), it is

1\ ]

[

h imaginable to integrate HKlett's formula (6) in two steps,
namely, first from r=r, to r=r,, and then from r=g, or 0 to
i r=r, . The first step would then deliver the boundary value

i
for the second one, provided the k value and the canstant C ) i
-

in (1) are known for both media. If (1) is valid with C,

4
and k, fram T, to r, and with CL and kz below Te s the ;

application of HKlett's formula (6) to the interval (rc,rn)

Zelivers a value Q(rc). Fram the condition of steadiness
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This kind aof simplified multip

utilized e.g. by Evans /13/.

le for estimation of

feac an

scattering upon the 1inverted 1

following section saome extinc

calculated using the madified
Dresénted.

’
The secaond

objection concerns

nackscatter-to-extinction realati

approximately valid if the type

does not «change along the

Fitzgerald /5/, for example, ¢

extinction coefficients as funct

the surrounding air, for =aeroso

compaosition (soot content). He

with < values ranging from .S8

v
f}

between 90 and 99%. and from

This applies under the assumpti
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le scattering correction is

It should at 1least he

the influence of multiple

idar profiles. In the

tion coefficient profiles

farmula (9) will be

the validity of the

onship (1). It is surely

of the scattering medium

ange interval caonsidered.

alculated backscatter and

iogn of relative humidity of

ls with wvarying chemical

found a relation like (1)

to 1.28 for humidities

.84 between 50 and 90%. RO

gn that the dry aerosol

the path. Mulders /6/

1filled on certain days,

values varying with time,
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treatment af this procegss reguires the solution of the
radiative transter equation under appropriate boundary
conditicns and is therefore very camplex. Several authors
tried a treatment of the problem by the Monte Carlec method

or numerically under restriction to double scattering /3/.
weinman, 11/ and Tam /4L/ found exact analytical expressions
fFor the backscattered power using the small-angle
approximation foar the scattering phase function. Far i
radiat}ve fog and a reveiver FOV of 2 mrad Tam found that
the multipie backscattered power exceeds the single
:atkscatteged power already at an aptical depth aof 2.
weinman /11/ describes the multiple scattering effect using
3 correction function F(r) for the extimction term 1in the

lidar eguation:

Ll

r
P(f')-’-G-Q-/i-r‘-z- ekp[—ZfO'[-\-)[l-F(*}]a/x/ (8)

] Mcnte Carlo analyses by Kunkel and Weinman /12/ now showed
that this correction Function is approximately constant far
ootical depths greater than about one and for givem constant
extinction coefficients. With & constant F, however, the '.:
modified lidar eguation (8) is as easily to be solved as the
single scattering eguation (2). The factor 2/k in front of
the integral in th: denomipator of (4) and (6) is just to he

replaced by 2(1-F)/k:
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calculation of experimental extinction coefficients and wuse
them as btourdary values for Klett's method. The resulting
optical thickness af the range interval can directly be
comparet with the transmissometer data and so the validity
cf the ligdgar inversion be tested. Examples will be

—resented in the next section.

Rlthough Ki=tt's inversion algorithm delivers results which
are stable especially at high nptical depths, there are tuwo
najofvcajections against the applicability aof eq. (1) and
{(2). Tne 7irst one is the neglection of multiple scattering
in the lidar equation (2). The single scattering assumption
T2ans tnat =2ach ghoton which is removed out of the laser
Seam 32tn =ither 35y absorption or scattering has no chance
2% 3ll *tc re=ch the receiver. Fowever, in reality a part of
the scaitarec photons can enter the beam path again due to
urther scattering processes and so increase the power
c2ceived S5y the getector. Furthermore, all photons which
3re scattered in the near-forward direction *-to the cone of
the laser beam don't leave this beam at all. The
contrisution of multiple scattering increases with optical
depth, with the average size aof the acattering particles
relative ta the laser wavelergth, and with the transmitter
ang raceiver FOY, [ts neglection leads tao an underesti-

naticr of  the true extinctior croefficient. The theoretical
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5till a¢erinitely above the noise or error level. Otherwise
any sign:l errors, which are multiplied by r? in the

solution formula, get an increasing influence upon the

zesult. n  this respect we have to note that the choice of
Ty in tre first evaluation example in the interim report
from Fernruary 10, 1983 (Figs. 2 and 3) was not the best

ane.

With decreasing optical thicknese of the range interval the
inFiuéﬁ:e of the boundary value upon the resulting §-profile
cecomes mare and more significant, and a q; more close to
reality mugt be found. Here the superiority of Klett's
method decrzases considerably, and in cases where a
realistic G; value ig available +the standard or forward

irversion method (4) may even deliver better results /2/,

2lthough the dependence of the resulting average attenuation

Za

1t}

fFficient or optical depth upon the boundary still remains
smaller far %lett's formula (6). Furthermare it should
:gain 2e noted here that the boundary value in the forward
iaversizn formula (L) can be deduced from the lidar return
itself conly if the backscatier-to-extinction ratio is knouwn.
This concition involves an additional wuncertainty in the
azplication 2fF  (4). We have the oapportunity to take
2cdvantage ¢ our 3erosol and visibility data from the

¥reuzeck statiscn at the end of the transmission path for the

L e P L
RSV A DO T W0 I . e W o
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The fundamental uistinction to (4) is that in (6) the

dengminator is & sum instead of a difference and so those l
instabilities are avoided. The application of (6), however,
requires the knowledge or assumption of the attenuation
coefficient 6; at the remote end T of the range interval,
which in general cannot be deduced from the lidar signal
itself. However, it can be shown that the influence of the
boundary value wupaon the result decreases strongly with the
£ optidél depth between r and Tm- If we again name the terms
in the dencominator A and B, respectively, we get similar to

? ,

(5):

(A+8)/A=exp(2d/k) (7)

from which we easily see that far instance within clouds
with extinction coefficients >10/km the term A solely
containing the boundary value drops below 10% from B8 already

after acout 100m distance from r For strongly turbid

™

atmosoheres, therefore, it is not difficult to find a

Soundary value which results 1in reasonable extinction
coefficient aorofiles. In case of doubt a larger boundary oo

value shguld he preferred. The reference range r, should be

sufficiently large in order to keep the influence aof the

Loundary value low, but the received signal at T Should he
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the dencminator inm  (4) becames a small difference of two
rarge terms with increasing optical depth. Since the nume-

rator in (&) is proportional to the first derivative of the

denagminator, (4) can be integrated amalytically and sao the

X

cengminator b2 expressed in terms aof the optical depth d.

"g

——
.
.

If for brevity the +two terms are named A and B,

respectively, their relative difference becaomes

a

(a-a)/A=exp(-24/k) (5) e

.here § is the optical thickness of the range interval from

7p tO T. ft is easy to see that at high optical depths (5)

CROURSYIN Mt 0 0 umn W

can Secome zero or even negative for example if the boundary

;alue contained in the term A is chosen slightly too small.

dnother reason for the denominator in (4) to become negative *

even if an absclutely correct boundary value is chosen may

he the influence of multiple scattering. In this case the

. range--orrected signal amplitude may decrease not fast

.

F, engugh and the integral in (4) become too large.

’.

- |
R I Klett's backward inversion methad is applied to eq. (3), 4
X 3 solution form apparently only slightly different from (4)

- is faund: i
®

s . f

. &0 [P} r] o

r -
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into this differential equation:

d - k. do_ .
= [olPrt)] g 20 3

which has the following analytical salution:

LP(r). r‘Jé

(&)
[Pe)rTe /8 -2 [TPe)-x*]% dx
[

6‘["):

6;, the extinction coefficient at the reference range r,, is
the féquired integration constant or boundary value. If T,
is chosen sufficiently small the transmission 1loss between
r=0 and ;:Q can be neglected or estimated and the boundary
value derived from the extinction coefficient at the 1lidar
site itself (the choice r,=0 is impossible because af the
lidar overlap function, which has been omitted in (2)).
This extinction coefficient in turn can be found by
different ways, e.g. by absolute calibration of the lidar
sygtem, if the <constants C and k in (1) are known or
realistic assumptions are possible on them, by the slaope
method applied to horizontal or nearly horizontal
backscatter profiles if the atmosphere 1is sufficiently

homogeneous /2/, or from data delivered by any visibility

meter like an integrating nephelometer.

Trhe instabilities mentioned above arise from the fact that

Al Nl A S NS AR Al Al A e S '."W
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Since the heginning of lidar remote sensing research it is
xnown that most methods for the inversion of the lidar

suation, which relates the range-dependent received power

el

to the optical parameters of the atmosphere, tend to te
instable with respect to measurement errors and to errors in
the required wBbcouncary value or calibration factor. HKlett
., "/ published an 1inversion method which avolids such
instaﬁilities. Mis basic idea 1is to integrate the lidar
eguaticn nogt in the forward, but in the backward direction.
The method, is demonstrated using the analytical solution of
the single scattering lidar equation, which exists 1if +the

nackscatter and extinctian coefficients, 8] and § ,

~espectively, can he related according to this power law:

pacos S

The single scattering lidar eguation
r
-2
Pir)= G-Qp-r 'exp(—zfs‘(*)olx/ (2)
]

where P(r) is the received power from range r, Q the
trangmitted laser energy and G a constant including the

efficiency of %the receiving system, can then he transfaormed

AAgh Bt Aadh Sad A b SRl Bk &
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zloud profiles and +ound B-8& ratiaos ranging from about .01
to .05, .» accaordance with the results of Mulders /6/.
Tnese variations contribute without doubt considerably to
the uncertainties associated with the application of the

“arwarc inversion method (&4).

Z.2 High aoptical depth

High optical depth conditions we call those where clouds and
7og aré present within +the lidar team path. At first we
consider the case where ground-based fog with meteorolocical
canges af éeveral hundred meters surrounds the lidar site.
Fig. & shows a range-corrected backscatter profile obtained
during such a situation. UWe see that the signal amplitude
cdrops to zero before complete aoverlap of transmitter beam
and receiver FOV 1is reached. It is, therefore, impossible
with our lidar configuration to make guantitative
measurements within fog. For such applications a much
gmaller receiver telescope or an open detector without any

collecting optics would be required.

& (r) profiles from an elevated stratocumulus cloud are
presented in Figs. SA to 128, ohbtained by Klett's method in
all four 1laser wavelengths available. In the diagrams the

abscissae present the extinction coefficients in a
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logarithmic scale, the ordinates the altitudes, measured

vertically above ground level. The lidar elevation angle

was 19.2 degrees. Reference ranges were chosen around .

2.5km, Jjust before the signal amplitudes dropped below the

resglution level. As boundary value 10/km was used in Figs.

3A to 12A, ana 30/km in 9B to 12B. It is clearly to see

that the profiles differ remarkably anly in the last 50m //’
3ltitude (or 150m range). Below that level, especially in #
the cloud-free space, the profiles are very stable with
respéct to the boundary value.

/

It is now the guestion whether the resulting extinction
cgefficients are realistic, since the assumption of the same
relatiaon (1), &especially the same C wvalue, for bath the » L
cloud and dry aerosol regimes is surely not true. By the
visisility meter 21km meteorological range was recorded near
ground level at the time of the 1lidar measurements,
resulting in an extinction coefficient of.186/km. The lidar
profiles, on the other hand, deliver ground level
attenuations which decrease with wavelength, as expected.
¥ar the wavelength closest toa the visible region, ©530nm,
."1/km  is obtaimec, that 1s distinctly less than the
nephelameter value. This deviation may be attributed to the

differant 7-6"(C) ratios for both types of scattering media.

cr

Tom the Mie theory follow .0LL and .024 for clouds and dry
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serosol, regpectively, with typical size distributions. UwWe
may nou apply Klett's inversion method inm two steps, as

gointed out in the previous section. The transition between
the dust and cloud regimes can be located at 2190m slant
range or 720m altitude. At this range the amplitude of the
profile Fig. 38 is  .15/km. Together with the steadiness
condition (9) and thte two C values mentioned above we get
.275/km as boundary value for the lower part of the signal,
if for simplicity k=1 is assumed to be wvalid within ©both
regime;. Frorm the resulting @ (r) profile, which is shown in
Fig. 13, follows now a ground level value af .16/km, which

’
is in fact claser to the measured extinction coefficient.

On the other hand, a similar result is obtained by the
one-step integration, if k is set to 1.15 instead of 1.0, as
shown in Fig. 14. This method has the further advantage to
e applicable alsoc in cases where the transition between
‘ust and cloud is less sharp defined, like in the npraofile
“ig. 15. It was obtained on the same day as the formerly
ziscussed profiles, but at a later hour. The ground level
visual range was then 10.5km, resulting in an extinctian
coefficient of .37/km. This value obviously agrees with the
iidar value (zlso .37/km) already for k=1. The diagram Fig.

23 shouws a correlation between further extinctiaon

~nefficients measured by the nephelometer about 15m above

NN VA TR
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ground l=2vel (abscissae) and extinction coefficients which
are derived fraom lidar returns from clouds and fog by
Klett's method (extrapolation to ground level, ordinates).
In the heading are given the correlation coefficient R, the
correlation factor CF (i.e. the slope of the regression
line), the intersection point B of the regression line with
the ardinate axis and the number of cases N. CF<
indicates that the average lidar extinction date are
somewhat smaller than the nephelometer values, but the
devi&Eions do rnot exceed the general scatter of the data.
P

Je can thus state that HKlett's method results in stable
extinction data for turbid atmospheres if reference range
and bounrdary value are chosen as mentioned. They are not
very far from reality in gspite of the single scattering
assumption and the restriction to the C ratic expressed 1in

the reiationship (1).

We will now discuss briefly the applicability of the forward
inversion or standard method, eq. (4). On November &,
1984, 38 gstratocumulus layer was present at about 300m
altituce, and well mixed dust with 4.7km visual range below.
e made some lidar measurements at 20 deq. elevation angle,

and aone at 5 degq. elevation, in both 530 anda 1060nm

wavelengtnh. To the latter profiles the slope method was
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daplicenie rosclting in extinection coefficients of about
1.04/xkm and  .687/km, respectively. From the visual range
“ollow .H3/km. The 20 deg. elevation -profiles were
svaluated ty w®lett's method as discussed above, with

noundary values 30/km and k=1. Examples are shown in Figs.
16A anc 158 for 530 and 1060nm, respectively. The lowermost
6 amplitudes 2re .6 and .25/km for the two wavelengths. The

520nm value, .&6/km, agrees fairly well with the nephelometer

value, (.83/km), hbut the slope coefficient (1.04) 1is
distinbtly larger. A similar deviation 1is observed 1in
1060nm between the slope and HKlett data. Multiple

scattering’cannct be responsible for these discrepancies
since it would produce deviations 1in opposite direction.
However, the 1060nm profile seems to indicate the presence
of 8 ground-tased layer of increased aerosol concentration,
sith a thickness of ataut 30m. Because of the longer
non-gverlap range this layer does not show up in the 530mm

craofile.

Ue now 3applied the forward inversion methad wusing the
above-mentioned ground level data as houndary values. Figs.
“7R anc 178 show the results for the slope values. In both
srefiles singularities occur within the cloud region, i.e.

tne denominater in (4) becomes zero and then negative. IFf

tne boundary values are taken from the Klett curves (.6 and
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.25/km, respectively), the singularities are shifted more

towards the end of the range interval (Figs. 18R and 188),
but they are still present. Of course it 1s possible to L
adiust the boundary value such that no singularity occurs,
nut this procedure 1is actually already eguivalent to the

sackward inversiocn technigue.

UJe want to point gqut that the tranmsition layer between

clouds and the cloud-free space underneath shouws
* cons{derable differences in thickness as well as in
structure from case to case. We have already seen two
gxamples %Dr different thicknesses aof that layer (Figs. 10
and 15). A still sharper transition is evident in the
% prafile Fig. 19. 1In this case the near-ground visual range y
was >L0km, Obviously the thickness of the transition layer - +
increases wi*n the aerosol concentration below. Due to
veter vapor absorption with 1increasing humidity, the
rarticles may grow and give rise to increased backscatter
z1ready below the real cloud base. Sometimes uwe see,
Finally, = multi-layered structure of the cloud base (Fig.
20). This structure often changes rapidly with time. More ; .41;?

detailad examples will be presented in section 7.

Concluding this section we present application examples for

the Klett formula with simplified multiple scattering
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~arrectian (9). Fig. 21 shows a@-profile from a low-level
stratus cloud, calculated by the single scattering formula
(53, i.2. with the correction factor f in (8) set to zero,
ze indicated in the heading of the Figure. For a receiver
FCY of 10 milliradians, like in ogur system, and for =a
sumulus cloud (Deirmendjian's /14/ type C-1) Kunkel and
Weinman /12/ found a value of about .3 for the correction
function F. If (9) is applied to the same lidar return with
this F wvalue, the nprofile shawn in Fig. 22 results. The
difference to the profile Fig. 21 is just that  the
extinctian coefficient 1s enlarged by the _ factor
1/(1—F)=1.£3. For simplicity, the total profile Fig. 22
was calculated with F=.3, including also the lower,
cloud-free part, where single scattering conditions are more
nrobable. An  improvement of the evaluation should be
possible by a two-step procedure, i.e. by application of
the formula (6) hetween the reference range 537m and the
range 290m, and the single-scattering formula (6) to the
interval from zero to 290m, the cloud-free space. As
boundary value far the second step the extinection
cgefficient resulting from the first step for r=290m 1is to
-2 used. Fig. 23 shows the result of this procedure for
the lower range interval. Again no dramatic changes are

a-served.

aliinii
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If the multiple scattering correction formula (8) is applied
to the previously discussed profile Fig. 108, we get the

“ grafile shown in Fig. 24. Again the profile amplitude is

raised by the factor 1.43. If the cloud-filled and

.- ! =loud-free regimes are treated separately in the same manner
as shown in Figs. 22 and 23, the profile Fig. 25 is
obtainea faor the lower interval up ta 2190m slant range or
4 720m altitude. The near-ground extinction coefficients
E resulting from toth praofiles, Fig. 24 and 25, agree better
: with “the nephelometer wvalue, .186/km, than that from the —
profile calculated by the single scattering formula (6).

4

7 Extinction coefficient profiles from clouds and fag

During the course of this project several hundreds of \'f*

v

hackscatter profiles from cloudy and foggy atmospheres have

Ty
s s

Seen nhbtained. We have seen in the previous sectiocns that

*[:r.

such profiles can be evaluated by Klett's method in a nearly
straight-forward manner. The range Jjust before the lidar
return drops below the resolution 1limit should be chosen as

reference range, and a large number grester than about 10/km 4

ﬁfﬁﬁ;

PR ]
v e 5

may be used as boundary value, which is uncritical in such

LY
e TR
.

cases. We thus developed an automatic program which is able

b

‘. to calculate & -profiles from a selected set of lidar
b returns. That range where the signal amplitude, seen from
g

.
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rs

tne rear end of the interval, reaches first the digital
value 6 (2.3 1is chosen as reference range, and 20/km as

baundary value). The exponent k is set to unity, since there Lo - A

‘ is no cogent reason to choose any other value. The altitude
ranges are selected automatically among the values 100, 200,
5C00m ana so forth, according to the vertical altitude of the
reference point. Nene of the corrections for multiple
scattering 2tc. mentioned above are applied, since this ﬂ
would involve an individual treatment of each sigral and
would furthermore not come up with dramatic changes af the
cesulting EroFiles. For each diagram a heading is createc
cantaining first a figure number, 7.1 and so forth, where
the part a2fter the period is incremented automatically. It
follow then the label "Klett- profile”, the wavelength used,
the lidar elavation angle, date (year, month, day) and time

interval (Central Eurogpean Time, CET) of the measurement,

E the reference range RM, and boundary value SM and exponent K
| (here 20/km and 1.0, repectively, throughout). A tatal of
303 diagrams have been created in this way. After plotting
» they were 1inspected critically and some of them, where the
$ automatic procedure to find RM did obviously not work, k
recalcilated manually. Other profiles were cancelled :
° zampletzly, 3nc sc some figure numbers are missing.
Tt is kpcwr that the amplitude af the lidar return signal is

P
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reducer beigw a2 certain minimum range by incomplete
crossaver o laser oeam and receiver FOV and in cases also

due tu overloading of the transient recorder. Since it |is o 4
impossible to find this minimum range automatically, the %
arcfi.ss were always formally calculated up to zero range.
“hereas this non-cor ect part of the profiles is easily

re2caognized in cases where overloading cccurred (that part of

ot

Me curves increasing smoothly proportional to the 1log of oo
Tange ar altituce), this is more difficult in other cases.
The minimum range was marked, therefore, by a small circle
in 8 gart af the diagrams.
p

Since backscatter from clouds in general changes rapidly
whithin a minute or less, most of the presented profiles are
single shots in grder to show the momentary cloud structure.
The anpve-mentioned method to increase the amplitude
resglution by combining profiles gbtained with different

input ranges 1s not applicable, therefore, for cloud

signals. 5g in some diagrams unavoidable digitization

2rrors show ub. Anaother source of errors are the rapid

amplitude fluctuations which o©ccur sometimes in cloud
returns. They —cause the occasional negative overshoots
whizr are unavoidasle in spite of careful design of the

amplifiaro. In =zome cases this effect causes small hreaks

17 tne caicuelated Klett profiles, where the amplitudes drop
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The remaining cloud extinction profiles are presented in the
2spencix, Figs. 7.1 to 7.303. We give now short

Zescrigticns of  the weather situations during the measuring

in

nates and some remarks on the presented profiles.

[AV]

52-11-10, Figs. 7.1-7.12

After rainfall during nighttime stratocumulus banks were
nsnoservecd at the mountain slopes under a clecsed Sc cover.
Tne air in the cloud-free space was extremely clear so that
here the ;xtinction coefficients remain only in 347nm
savelength within the presented range. The striking sharp

=ioud Soundaries are to be noted.

i2-12-74, Figs. 7.13-7.27

Occasional light snow showers, Cu fra and 5S¢ at the slopes,
lower toundaries between 250 ant 720m altitude. Their
structure shows heavy fluctuations causing negative

overshocts of the signals.

83-01-19, Figs. 7.28-7.29
Cu fra clouds occurred at the end of the range interval at

833m altitude. The signal fluctuations below come from

{

Zight snowfall, which is obviously very inhomogenecus.
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33-02-10, Figs. 7.30-7.58

Two layers of Stratus/Stratocumulus were observed at 450 and
§30m, respectively. The lower layer was temporarily
transparent. In the afternoon only one layer remained at
500m. The aerosol concentration below the clouds was higher
than in the previous cases, and a more smooth transition of
the extinction coefficient was found. The thickness of the

transition layer varied between 80 and 200m.

83-02-1¢, Figs. 7.61-7.65
Intense, moist haze near ground level was covered by an
’

opaque stratus layer (advection fog) at about 200m altitude.

Note the very smooth transition between the two layers.

83-06-29, figs. 7.66-7.73

Cu fra «clouds occurred at 620m altitude and temporarily at
620m. The haze layer below was rather maoist in the morning
and showed 2 remarkable structure due to precondensation
effects. Later on the humidity decreased, the ground visual
range increased fraom 10 to 22km and the structures

cdisappgearec. Again the cloud extinction shows a strong

spatial structure.

ot il Ml Aedih 2
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~~+tar o rnondecshower in the early morning Cu  fre clcouds
TR Loservoer at o 400-600m altitude, sometimes with
g
“ilti-l-zred structure. Relatively sharp cloud bourdaries
.:re notza  in this case in spite of the not small aerosol
sorcertriticn belaouw. An excellent agreement was found
~artween wisitbility-derived extinction coefficients (6.1/km)
wrg near-Sreound values of 53C0nm lidar profiles (6.0/km).
4
22-7C-20, Figa. 7.22-7.84
.rcdernzath 2 multi-layered stratocumulus at 700-800m fairly
1ocmogeneses’ cust with visibilities from 23 to 26km was
r2corces.  The tnickness of the cloud transition layer was
O,
-
4
SI-70-0% Tigs. 7.85-7.87 1
2 lcu-l=vel opague stratus layer (advection fag) was
c2corden at ICOm zltitude, and intense moist haze below
"sis. Tange  7km)., The lidar profiles show remarkable
sectical structure.,
1

Figs. 7.88-7.90

~3 reraincer 9 a closed Sc layer, dissolving banks of Sc

tra ogccurred at the mountain slopes at 700m. The

mal3 snhow considerable multilayer structure. The
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‘ srofila o, 7.£8 nas already bBeen discussed in detail in
th2 pr ol sectiun,
i
“L-J2-71, Figs. F.51-7.122
i In the mgrning a ground based layer of advection fog was
creseni, wnizn  1lifted slowly in the course of the day, i.e.
the lcusor aoundary ascended up to 200m in the afternoon.
corresganaingly the wvisual range at ground level increased
“rom .4 40 Tkm. Useful lidar returns could not be obtained
:e’:fe ncor,  when the lower cloud boundary had arrived at
s0m 3l4ituea., Then the profiles shaw at first some
multzlﬁve: struciure, which vanished toward the evening.
Finally 21 ver, =mooth and continuous transition between
Zi0ud 3¢ Tlouc-"res space is observed. i
]
sL-02-27, Ti5s,  7.123-7.125

1.

ot
ot
T
G
N
)
D

B lones =zt 600m Cu fra clouds occurred. The

w
N d
3
w}
w
u
3
i
s
fie]
ry
td

Sw was extremely clear after a rain front, the

extinctign =-ce“ficinmnts here remained below tihe limits of

o

J

1}
1

~iagran. ~gain a wvery thin transition layer was

recorcdec (thickness helow 10m).
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Under maderate aptical depth conditions, an the other hand,
Klett's method delivers results which agree with
transmissaometer data as long as realistic boundary values
are available. If not, the forward inversion method can be
3pplied, but a more precise boundary value is then reguired.
It can pe derived frum the backscatter profile itself if the
lidar is calibrated absolutely and the B/ ratio 1is known,
or, simce it is difficult to keep the calibration status
constant ogver long time periods, from data delivered by some
visiSility mcter like an integrating nephelometer. Such a
comparably simple and low-cost 1instrument may easily be

I4
speratzsc ciose to the lidar.
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get to 10 angd 15 degrees only. The profiles thus present
not only wvertical structures. Considerable inhomogeneities
were recorded throughout the period, but the temporal

variations slowed down somewhat in the afternoon.

5 Caonclusions

From the Hhitherto gained experiences with the evaluation af
lidar returns we may conclude that Klett's backward
invers;on method provides extinction coefficents versus
ramge which are very stable with respect to measurement
errors and’ errors in the choice of the houndary value. In
cases of high optical thickness of the range interval, i.e.
especially when +4he lidar signal vanishes in clouds or faog,
the resulting §(r) profiles depend only toc a small extent
upon the boundary value if the reference range is chosen
oroperly. rurthermore, the profiles are in general not far
from reality if the exponent k in the B-8& relation (1) is
set to values around 1, in spite of the single scattering
assumption in the lidar equation (2) and to the restrictions
introduced by the assumption of the validity of (1). Thus
the lidar, together with Klett's evaluation method, 1is an
excellent tool for vertical structure measurements under low
visibility conditions, especially for the study of the fine

structure 2f cloud bases.




mvr e ol g i s el e Meni Sanin susdh s et B sedi st Saf Sadh ondl Sau el Sal St e Al gl el Al Al
- L e TR - e "R BN . - TN B - e e T A .
i

e

r—"

n ShSa ".v“‘
. . W .
i .. . - -

'r T rery

Ty

i CHODLCED AT GOVEINMENT FYPENSE

40
few minutes.

84-12-03, Figs. 7.232-7.256

This day two stratocumulus layers occurred at 200 and 600m,
respectively. The upper layer covered the complete sky, the
lower ane only about half of it and disappeared completely
during the two hours measurement time. Leser shots were
fired in short time intervals down to a minute inm order to
shouw the rapid temporal fluctuations of the observed
strué%ures. At the end of the interval all structures below
500m had disappeared, and a8 smooth transition to the  upper
cloud layér was recorded. The oscillations showing up in

some profiles are caused by occasional amplifier ringing and

are thus ncit real.

z4-12-04, Figs. 7.257-7.303

This final series at the fen area was extended over more
than 4 hours, and from the totally cbtainmed 71 lidar returns
47 were selected as wuseful for the presentation af the
atmospheric structure and its temporal variations. The sky
was completely overcast by a stratus layer with slowly
descending base at about 100m above ground level. By eye
observations from oane af our mountain staticns the upper
soundary of this layer was located at 300m above ground.

8ecause af the low cloud base the lidar elevation angle was

kSl S d Sl




2 Sl Y0 B0 i Yl B Stk Reu i an g S0 A G AAECE Sa R . i diae e

HEUPRODUCED AT Gorvt IINMENT @ XPENST

34
‘31A-1G—"‘, :'LQ'- /-208—7.209
gain o sbtrstos cluwud at  1e0m above dense and moulst
JThunc-cses huse gpocurred at o the measurement site. Since
=2 li~:~ L= : “:rec¢t at only S degr. elevation angle, the

lmwt .- -=t Csmardes before 1.8km range and so the signal

Ttes ot 0T »~5i2e cable digltization errors.
ce=tt ol T TU200-7.215
styeer 37 St Sc l.syer at 230m altitude and ground level

t2rse anc "Moist hzze was observed another time. Some lidar

ceturns uwere aootained at different elevation angles, showing
’

= two-f3ld cloud base. The ground-level extinction data

resulting from the HKlett 1inversion have already been

discusssed in section 6 (Figs. 16-18).

2L-11-16, Figs. 7.217-7.227

This and the remaining two measurement series were obtained
2t the selected site outside of +the mountain area, were
ground-based fog and low-level stratus occur more
frequently. A ghallow fog layer was transported up through
the valley between the measurement site and the institute by
the catabatic wvalley wind. Outside the mountains the fog
layer base was samewhat elevated at 50m above ground.

JQuring noon +ime +the fog dissolved. The profiles show

corsiderable inhomogeneities which varied rapidly within a

¥
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24-08-2". Figs.  TL.1e3-7.192
A ground-tiased a3 layer with wvisibilities fluctuating

between .5 @nd Zxm ascended slowly and dissolved in the
early afterngon. The ground visual range increased up to
3km. The first prafiles at 10 degrees elevation again
shoula represent 1in  the first place horizontal structures.
“owever @ multilayer structure of the cloud base remains
througnout tne measurement period. In spite of the anly
moderate visual range at ground level a guite sharp
transition cetween cloud and haze is recorded finally.
Maybe the visioility was mainly reduced by high humidity and

not by 2 high concentration of dry aerosel material.

o

L-pg-29, Figs. 7.193-7.19¢4

The two profiles indicate an Sc  layer at 1100m altitude.
The aerosol uncderneath is fairly homogeneous and moderately
concentrazted (visual range 10km). The transition layer 1is

2lm in this case and thus relatively thick.

34-10-0&, Figs. 7.195-7.197
Initially a fog layer at 60m was observed, which became
transparent two hours later. A second cloud layer at 600m

Jgecame thus visible through the remainders of the fog.
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a,-04-0L, Figs. 7.126-7.137

The lidur returns were obtained from a cumulus cloud, with
base at first at 700, then at 1200m. Between 500m and the
cloud base a region with increased, irregular backscatter is

- abserved, originating from light snowfall.

84-04-11, Figs. 7.138-7.156 s
A low-level stratus cover with base at 200-300m was present, f' F
and strong, maoist haze wunderneath. Rgain a multilayer

structure was observed in the beginning, which was later on

replaced by a smooth transition between haze and cloud. It
4
is interesting to note that profiles obtained at 7.5deg.

elevation angle show more fine structure than those at 15
degrees. Obviously the observed inhomogeneities extend more

in the horizontal than in the vertical direction.

54-04-18, Figs. 7.157-7.162 |
A stratocumulus layer is found at 500m altitude, with strong
multilayer structure at the base. Also the aerosol below
with 15km wvis. range shows considerable inhomogeneity,

probably due to precondensation effects. M !
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